Graphical Abstract Highlights d Cryo-EM structures of human RNase P holoenzyme alone and complexed with tRNA Val d The catalytic RNA subunit of RNase P is stabilized by the hand-shaped protein complex d RNase P recognizes tRNA substrate by a ''measuring device'' with two fixed anchors d tRNA binding induces a local conformational change in the active center of RNase P SUMMARY
In Brief
Cryo-EM structures of human RNase P reveal how the catalytic RNA subunit collaborates with the protein components to recognize and process the tRNA substrate.
INTRODUCTION
Ribonuclease P (RNase P) is a ubiquitous and essential endonuclease that removes the 5 0 leader sequence from the precursor tRNA (pre-tRNA) (Altman and Kirsebom, 1999; Guerrier-Takada et al., 1983) . RNase P and ribosome are the only two multiple turnover ribozymes that have been found in organisms from all three kingdoms of life (Doudna and Cech, 2002; Torres-Larios et al., 2006) . Therefore, it holds a special position among ribozymes and has been considered as a molecular fossil of a prebiotic RNA-based world (Gilbert, 1986) . RNase P is a ribonu-cleoprotein (RNP) complex that consists of one catalytic RNA and variable number of protein components, from one in bacteria to five in archaea and nine to ten in eukarya (Esakova and Krasilnikov, 2010) .
The RNA subunit of bacterial RNase P alone can support the 5 0 leader removal of pre-tRNA under favorable conditions (Guerrier-Takada et al., 1983) . The sole protein component of bacterial RNase P (Rpp) is crucial for enhancing the efficiency and fidelity of substrate recognition and cleavage under physiological conditions (Crary et al., 1998; Sun et al., 2006 Sun et al., , 2010 Sun and Harris, 2007) . Structure of bacterial RNase Ps reveals that the two domains of the RNA component, catalytic (C) and specificity (S) domains, packed against each other to form a helical core that is stabilized by a variety of long-range RNA-RNA interactions (Kazantsev et al., 2005; Torres-Larios et al., 2005) . Five universally conserved regions CR-I to CR-V are clustered into two structural modules in the RNA, CR-I/CR-IV/CR-V and CR-II/ CR-III, that are involved in catalysis and substrate recognition, respectively (Chen and Pace, 1997) . The pre-tRNA substrate is recognized by bacterial RNase P with a ''measuring device'' that involves extensive intermolecular RNA-RNA interactions (Altman and Kirsebom, 1999; Reiter et al., 2010) .
Human nuclear RNase P is composed of one RNA subunit H1 and ten conserved protein components (Jarrous and Reiner, 2007) . Phylogenetic analysis revealed that eukaryotic RNase P RNAs retain the conserved secondary structure of bacterial RNAs (Esakova and Krasilnikov, 2010; Frank et al., 2000; Walker and Engelke, 2006) . However, in the absence of protein components, human RNase P RNA only exhibits a marginal pre-tRNA processing activity compared with its bacterial counterparts (Kikovska et al., 2007) . Furthermore, all the proteins are essential in vivo as depletion of any protein subunit in yeast RNase P causes severe defects in pre-tRNA processing (Chamberlain et al., 1998; Dichtl and Tollervey, 1997; Lygerou et al., 1994; Stolc and Altman, 1997; Stolc et al., 1998) . This may be due to the inability of the RNA to fold correctly to assume the active conformation in the absence of protein subunits or the protein subunits may play a more active role in pre-tRNA substrate recognition. Three-dimensional structural information of eukaryotic RNase P is required to answer these outstanding questions. However, except for a low-resolution electron microscopy (EM) structure of yeast RNase P, no high-resolution structure of eukaryotic RNase P holoenzyme is currently available (Hipp et al., 2012) .
Here, we report the cryo-EM structures of human RNase P holoenzyme alone and in complex with tRNA Val at 3.9-and 3.7-Å resolution, respectively. These structures reveal the spatial organization of the protein and RNA components in human RNase P and provide insights into key protein-RNA and RNA-RNA interfaces involved in tRNA substrate recognition and processing.
RESULTS AND DISCUSSION
Overall Architecture of the Human RNase P Holoenzyme We overexpressed two tagged protein components with one unique to human RNase P in Expi293F cells (Esakova and Krasilnikov, 2010) . The fully active endogenous RNase P holoenzyme with both tagged protein components incorporated was enriched and purified through two tandem affinity purification steps, and the purity was judged by silver staining and mass spectrometry analyses (Figures S1A and S1B). Human RNase P exhibited a robust activity of cleaving pre-tRNA indicating the recovery of a fully functional enzyme ( Figure S1C ). We first generated an 20-Å -resolution reconstruction of human RNase P by using negative staining ( Figure S1D ). Then, single-particle cryo-EM analysis of human RNase P yielded a reconstruction with an overall resolution of 3.9 Å (Figures 1A and S1E-S1K; Figure 1 . Overall Structure of Human RNase P (A and B) Cryo-EM density map (A) and atomic model (B) of human RNase P are shown in front and back views. Protein and RNA subunits are color coded, and the scheme is shown below the figure. (C) Surface representation of the hand-shaped protein clamp tightly wraps around the H1 RNA. The finger, palm, and wrist modules of the protein clamp are colored in light green, light red, and light blue, respectively. The H1 RNA is shown as gray ribbon. See also Figures S1, S2, and S3 and Tables S1 and S3. Table S1 ). Due to the lack of homologous structural information of Rpp40, we first determined the crystal structure of human Rpp40 using the single anomalous dispersion (SAD) method at a resolution of 2.6 Å (Figures S2A-S2C; Table S2 ). Combining de novo model building, homologous structure modeling, and the crystal structures of three protein components Rpp20, Rpp25, and Rpp40 (Table  S2) , we generated an atomic model of the human RNase P holoenzyme, which contains all the previously identified components, one catalytic H1 RNA, and ten proteins ( Figures 1B, S2D , S2E, and S3; Table  S3 ) (Chan et al., 2018; Fukuhara et al., 2006; Honda et al., 2008; Kawano et al., 2006; Oshima et al., 2018) .
The human RNase P complex exhibits an elongated conformation that resembles the overall shape of yeast RNase P revealed by cryo-negative-staining EM (Hipp et al., 2012) . In the human RNase P complex, the H1 RNA mainly resides on one side, whereas the proteins are on the other ( Figure 1B ). The C and S domains of the H1 RNA pack against each other with a characteristic three coaxially stacked helical stems, resulting in an extended single-layer configuration ( Figure 1C ). The protein moiety of human RNase P is composed of a singular protein Pop1 and three subcomplexes, the Rpp20-Rpp25 heterodimer, Pop5-Rpp14-(Rpp30) 2 -Rpp40 heteropentamer, and Rpp21-Rpp29-Rpp38 heterotrimer ( Figure 1C ). These proteins are intimately connected with each other to form an architecture resembling a right-hand-shaped clamp with three modules, the finger, palm, and wrist ( Figure 1C ). This protein clamp tightly grabs the H1 RNA and buries a total of 13,960-Å 2 surface area between the RNA and proteins ( Figure 1C ). The C domain of the H1 RNA, where the conserved catalytic core resides, snugly fits into the narrow space between the palm and finger of the protein clamp with only the tip of the P3 branch sticking out (Figure 1C) . In contrast, the S domain of H1 resides outside of the clamp and packs against the Rpp21-Rpp29-Rpp38 heterotrimer ( Figure 1C ). Overall, the human RNase P holoenzyme is organized by the H1 RNA, which interacts with all the protein components that, in turn, wrap around the RNA and stabilize it in an extended conformation.
Structure of the Protein Clamp
The finger module of the protein clamp consists of Pop1 and the Rpp20-Rpp25 heterodimer (Figures 1C and 2A) . Pop1 is composed of a short N-terminal motif (Pop1 NTM ) and a large globular C-terminal domain (Pop1 CTD ) ( Figures 2B-2I ). Pop1 NTM contains a small helical core and a long a helix at the N terminus that extends out to form a helical bundle with Pop5, thus connecting the finger and palm modules together ( Figures 2B-2I , 2B-II, and S3A). Pop1 CTD is characterized by b-barrel and b sheets at the center and numerous a helices and loops at periphery (Figure 2B-I). Markedly, it is these helices and loops that mediate the extensive interactions between Pop1 and the H1 RNA. Rpp20 and Rpp25 form a saddle-shaped heterodimer, and the b sheet extension of Rpp25 stretches through a deep groove on the surface of Pop1 CTD by electrostatic contacts, connecting the Rpp20-Rpp25 heterodimer with Pop1 (Figures 2B-III, 2B-IV, and S3B).
The Pop5-Rpp14-(Rpp30) 2 -Rpp40 heteropentamer forms the palm module of the protein clamp (Figures 2A and S3C ). The pentamer can be further decomposed into a Pop5-Rpp14-(Rpp30) 2 heterotetramer and a single protein Rpp40 that extensively interacts with Rpp14 ( Figures 2C-I and S3D ). The tetrameric assembly of Pop5-Rpp14-(Rpp30) 2 with a pseudo-2-fold symmetry at the center is mainly organized by the pseudo-symmetric main-chain hydrogen-bonding interactions between Pop5 and Rpp14 ( Figure S4A ). Although both Pop5 and Rpp14 belong to the RNA recognition motif family of proteins with resembling overall structures, they share a very limited sequence similarity ( Figure S4B ). In addition, the C-terminal fragments after the conserved b sheets in Pop5 and Rpp14 exhibit distinct structural features that mediate interactions with Pop1 and Rpp40, respectively (Figures 2C-II, S4B, and S4C). Two copies of Rpp30 molecules in a typical triose-phosphate isomerase (TIM) barrel fold bind to the central Pop5-Rpp14 from opposite sides ( Figures 2C-2I ).
Rpp40 contains an N-terminal short helix a1 that is followed by two tightly packed globular a/b motifs ( Figure S4D ). Rpp40 associates with one side of the Pop5-Rpp14-(Rpp30) 2 heterotetramer mainly through extensive interactions with Rpp14; the N terminus of Rpp14 joins the b sheets of one of the Rpp40 a/b motifs to form an intermolecular antiparallel b sheet, whereas the C-terminal tail of Rpp14 sits on the b sheet of the Rpp40 through hydrophobic interactions . In addition to the interaction with Rpp14, the N-terminal short helix a1 of Rpp40 fits into a hydrophobic depression at the center of the Pop5-Rpp14-(Rpp30) 2 tetramer, making close contacts also with Pop5 and one Rpp30 molecule (Figures 2C-III and S3E). Hereafter, we will refer to the Rpp30 molecule that interacts with Rpp40 as Rpp30 B , and the other as Rpp30 A ( RNase P are sequentially interlocked together to form the protein clamp.
Structure of the H1 RNA
In the center of the H1 RNA, three coaxially stacked stems P2-P3, P1-P4, and P8-P9 pack together to form the core of the H1 RNA ( Figures 3A and 3B ). This parallel helical core is also observed in bacterial RNase P RNAs and represents a conserved structural feature in all RNase P RNAs (Figures S4F-S4H) (Kazantsev et al., 2005; Mondragó n, 2013; Torres-Larios et al., 2005) . In the center of the C-domain, CR-I and CR-V fold into a pseudo-knot structure, whereas CR-IV stacks with CR-V to stabilize the pseudo-knot ( Figure 3C ). In contrast, the CR-II/CR-III module resides in the S domain between stems P10/11 and P12, forming two interleaving T-loop motifs (Figure 3D) . Notably, the tertiary structures of both pseudo-knot and T-loop motifs are identical to those observed in bacterial RNase P RNAs ( Figures S4I and S4J ), suggesting that these structural modules are evolutionarily conserved from bacterial to human RNase P RNAs (Kazantsev et al., 2005; Reiter et al., 2010; Torres-Larios et al., 2005 .
The tertiary structure of the bacterial RNase P RNA is stabilized by auxiliary RNA elements that mediate an intricate network of long-range RNA-RNA interactions ( Figure S4F ) (Krasilnikov et al., 2003 (Krasilnikov et al., , 2004 Kazantsev et al., 2005; Torres-Larios et al., 2005 . In sharp contrast to the universally conserved regions, these auxiliary bacterial RNA elements are all absent in human H1 RNA ( Figure 3A ). In addition, stems P5 and P15 and the three-nucleotide linker (L 5-15 ) between them that are essential for pre-tRNA recognition at the active site in bacterial RNase P are also missing in the H1 RNA, suggesting that human RNase P may recognize the pre-tRNA substrate by a different mechanism (Figures 3A and S4F) (Reiter et al., 2010) . Consequently, stems P4 and P7 are loosely connected by single-stranded loops, yielding two big open holes in H1 (Figures 3A and 3B) . Another difference between bacterial and human RNase P RNAs is from the P3 element. P3 in bacterial RNAs is a continuous stem that coaxially stacks with stem P2, whereas the human P3 stem is interrupted by two internal single-stranded loops, leading to a third open hole in the H1 RNA ( Figures 3A, 3B , S4F, and S4G). Hereafter, we will refer to the proximal and distal double-stranded regions of the P3 branch as stems P3 and P3 0 , respectively (Figures 3A and 3B) . Taken together, these structural features of human H1 RNA shape it into an extended and single-layered conformation rather than a compact and double-layered one as in bacterial RNase P RNAs ( Figures 3B and S4G) .
Although human RNase P exhibits a clear overall reduction in the complexity of the RNA structure compared with bacterial RNase Ps, the human H1 RNA possesses a large extension beyond stem P12 in the S domain ( Figure 3A ). Stem P12 is terminated by a sharp turn of a seven-nucleotide bulge, followed by stems P12.1 and P12.2 that folds back onto stems P10/11 and P12, resulting in a double-L-shaped structure (Figures 3E and S3H) . In the first L-shaped module, two T-loops formed by CR-II and CR-III generate an 120 junction between stems P10/11 and P12 ( Figure 3E ). Notably, the junction between the two arms of the second L-shaped module (stems P12.1 and P12.2) folds into a standard kink-turn (K-turn) with a 3-nucleotide bulge flanked by G+A and A+G base pairs in stem P12.2 (NC stem), and by a section of regular base-pairing in stem P12.1 (C stem) ( Figure 3E ). This K-turn conformation is stabilized by G180 and G181 in the bulge region that stacks with the C and NC stems, respectively ( Figures 3F and S3I ). The two L-shaped modules pack parallel to each other and are tethered together by a base stacking interaction between A193 in stem P12.2 and C247 in CR-III ( Figure 3E ).
Except for Saccharomycotina, the majority of archaeal and eukaryotic nuclear RNase P RNAs contain an extension beyond stem P12 in the S domain (Brown, 1999; Piccinelli et al., 2005; Rosenblad et al., 2006) . Notably, this extension is the most variable region in size and sequence among different archaeal and eukaryotic RNase P RNAs, and previous phylogenetic analysis failed to identify any conserved structural feature in this region of the RNA. Close examination of the sequences of RNase P RNAs from representative archaeal and eukaryotic species revealed that the extension after stem P12 in these RNAs can all be modeled into a helical motif, which starts with a large bulge at the end of stem P12, followed by a long stem that is interrupted by a K-turn in the middle ( Figures S5 and S6 ). Strikingly, these helical motifs highly resemble that in the human H1 RNA ( Figure S6 ), strongly suggesting that the double-L-shaped structure observed in human H1 RNA is conserved in most archaeal and eukaryotic RNase P RNAs.
The Finger Module Stabilizes the C Domain of H1
Pop1 tightly wraps around the H1 RNA from both sides of the RNA, burying a 5,910-Å 2 surface area between Pop1 and H1 ( Figure 4A ). Pop1 NTM plugs into the open hole between CR-IV and stems P4 and P7 of H1, with multiple highly conserved arginine residues mediating extensive stacking and electrostatic interactions with nucleotides in the junction region ( Figure 4B ). C-terminal to Pop1 NTM , a highly basic loop (residues 181-188), passes right through the open space between stems P7 and P8, stabilizing another open hole of the H1 RNA ( Figures 4B  and S3J ). On the other side of the RNA, the highly basic surface of Pop1 CTD covers a large area of the C domain of H1, mediating numerous electrostatic interactions with the RNA ( Figure 4B ). Another salient feature is that a long helix a25 of Pop1 CTD is anchored into the minor grooves of both stems P1 and P19, helping stabilize the RNA helical core ( Figures 4C and S3K) .
The Rpp20-Rpp25 heterodimer mediates intimate interactions with the P3 branch of the H1 RNA ( Figure 4A ). Rpp25 mostly contacts stem P3 0 , whereas helix a2 and loop L22 of Rpp20 protrude into the open hole in P3 and separates the two single-stranded loops. In addition to the Rpp20-Rpp25 heterodimer, Pop1 CTD also associates with stem P3 from the other side of the RNA, and together with the Rpp20-Rpp25 heterodimer induces an 120 bend between the P3 branch and the single-layered core of H1 ( Figure 4A ). Taken together, the finger module is topologically interwoven together with H1, functioning as a scaffold to stabilize the central core and the P3 branch of the C domain of the RNA.
The Palm Module Stabilizes the Pseudo-Knot of H1 The Pop5-Rpp14-(Rpp30) 2 -Rpp40 heteropentamer convers one side of the H1 RNA and together with Pop1 CTD sandwiches the C domain of H1 in the center ( Figure 1C ). All five proteins in the pentamer interact with the RNA ( Figure 4D ). Rpp30 A and Rpp14 mediate contacts with stem P2 and P19, respectively ( Figure 4D ). Rpp40 packs on one end of the C domain of H1 and coordinates extensive contacts with stems P1, P2, and P19, stabilizing the coaxially stacked helical core of the RNA ( Figure 4D ). Another prominent interface between the pentamer and the H1 RNA is mediated by Pop5, which forms a left-hand-shaped deep cleft with a basic surface to tightly hold CR-IV of H1 (Figures 4E and S3L) . In addition to Pop5, Rpp30 B also makes electrostatic contacts with CR-V, extending the interface with the pseudo-knot ( Figures 4D and S3M ). Together, Pop5 and Rpp30 B from the palm module and Pop1 NTM from the finger module tightly enclose the pseudo-knot for almost 270 , stabilizing the RNA catalytic center ( Figure 4F ).
The Wrist Module Stabilizes the Connection between the C and the S Domains of H1
In contrast to the finger and palm, the wrist module of the protein clamp mostly interacts with the S domain of the H1 RNA (Figure 1C ). Rpp21 and Rpp38 interlock together to form an extended basic surface with two adjacent depressions that are complementary to the two junction regions of the double-Lshaped structure in the S domain of H1 ( Figures 4G and S3N) . The three-stranded b sheet of Rpp21 protrudes into the narrow space between the two junctions, acting as a ridge separating the depressions while making extensive contacts with the K-turn of the RNA ( Figure 4G ). On one side, the concaved surface of the Rpp21 b sheet covers the major groove of the first turn of stem P12.2, whereas its convex surface together with Rpp38 forms one depression that specifically recognizes the characteristic shape of the K-turn, in particular, the three-nucleotide bulge ( Figure 4G ). On the other side, helices of Rpp21 and the terminal b sheet and a helix of Rpp38 constitute the second depression that snugly holds the T-loop module of H1 ( Figure 4G ). Together, Rpp21 and Rpp38 stabilize the conformation of the double-Lshaped structure, in particular, the two junctions in the S domain of H1. In contrast to Rpp21 and Rpp38, Rpp29 mediates interactions with both the C and the S domains of the H1 RNA. The b-barrel of Rpp29 sits on the termini of both stems P1 and P9, while its highly basic N-terminal short helix protrudes out and packs on the terminus of stem P9, stabilizing the coaxial helical core of H1 ( Figures 4H and S3O) . Thus, Rpp29 and Rpp21-Rpp38, respectively, stabilize the C and S domains of H1, and together they function as a bridge connecting the RNA helical core with the double-L-shaped structure ( Figure 4I ). Notably, in bacterial RNase Ps, the P10/11-P12 branch in the S domain is instead stabilized by long-range RNA-RNA interactions mediated by auxiliary RNA elements (stems P13 and P14 in type A and stem P10.2 in type B), which are not present in H1 and other eukaryotic RNase P RNAs ( Figures 3A, 3B , S4F, and S4G) (Kazantsev et al., 2005; Mondragó n, 2013; Reiter et al., 2010; Torres-Larios et al., 2005) .
tRNA Recognition
To understand how the tRNA substrate is recognized by RNase P, we determined the cryo-EM structure of human RNase P in complex with a human tRNA Val at an overall resolution of 3.7 Å ( Figures 5A and S7A-S7H ). The resolution sufficed to allow us to fit the apo structure of human RNase P into the EM density map and to build an atomic model of tRNA Val (Figure 5B ; Table  S1 ). The first two base pairs of the acceptor stem and the distal portion of the anticodon stem of tRNA exhibited poor density in the density map ( Figure S7I) . We generated the model of the G1,C72 and U2,A71 base pairs based on the geometry of standard double-stranded RNAs ( Figure S7I ). In the human RNase P-tRNA complex, the coaxially stacked acceptor stem and TcC arm of tRNA sits in an open pocket between the pseudo-knot in the C domain and the CR-II/CR-III module in the S domain (Figure 5C ), while the anticodon stem of tRNA packs against a complementary surface formed by the palm and wrist modules of the protein clamp ( Figures 5C and S7J) . At one end of the pocket, two nucleotides in the TcC and D loops of tRNA (U19 and C56), respectively, stack with two unstacked nucleotides C142 and G244 in the CR-II/CR-III module of H1 ( Figures 5D and S7K) . At the other end, a coiled loop between helices a1 and h1 in Pop1 NTM protrudes into the acceptor stem of tRNA and, notably, sits right on the modeled G1,C72 base pair, helping position the cleavage site of the tRNA on stem P4 of H1 in the catalytic center ( Figures 5E and S7L) . Neither the CR-II/CR-III module of H1 nor Pop1 NTM recognizes specific sequence of tRNA. Instead, they function as two anchors that measure the distance of 12 bp between the TcC loop and the cleavage of the tRNA, a universally conserved feature of all tRNAs ( Figure 5C ). Notably, the EM densities of the apo RNase P holoenzyme and that of the tRNAbound complex exhibited a correlation coefficient of 96%, suggesting that there is no major globular conformational change in the human RNase P holoenzyme upon tRNA binding. Therefore, we conclude that binding of the protein clamp stabilizes the H1 RNA and prefixes the RNase P holoenzyme in a conformation optimal for tRNA accommodation so that the ribozyme always finds the right cleavage site for all tRNA substrates.
Notably, the TcC and D loops of bacterial tRNA are also recognized by RNase P through the same stacking interaction with the CR-II/CR-III module as in human RNase P ( Figures 5C and 5D ) (Reiter et al., 2010) . However, unlike the coiled polypeptide in Pop1 NTM , a highly conserved adenosine nucleotide A213 in the middle of loop L 5-15 between stems P5 and P15 in RNase P RNA stacks on the G1,C72 base pair to anchor the cleavage site of the tRNA in the active center in bacterial RNase P ( Figures  5C and 5E) (Reiter et al., 2010) . This configuration, especially the middle adenosine nucleotide in loop L 5-15 , is conserved in all bacterial and archaeal RNase Ps (Haas et al., 1996; Kazantsev and Pace, 2006) , suggesting that bacterial and archaeal RNase Ps use two RNA-based anchors for tRNA binding. Notwithstanding this difference, it is clear that a double-anchor mechanism is employed by all RNase Ps to position the tRNA in the active site for catalysis.
The EM reconstruction did not show any density for the 5 0 leader in the tRNA substrate, indicating that the tRNA molecule in the structure might represent a mature form after cleavage ( Figure S7I ). This is consistent with the fact that, under the experimental condition for cryo-EM sample preparation, the majority of the pre-tRNA substrate had been processed by the ribozyme (Figure S7B ). Comparative analysis revealed that human Pop5 and bacterial Rpp bind to the same location on their respective RNase P RNAs, and both proteins form similar deep basic clefts that hold CR-IV of the RNAs and face the catalytic center in the same fashion ( Figures 5C and 5F) . Given that bacterial Rpp plays an important role in binding the 5 0 leader of the pre-tRNA substrate in the active site, it is very likely that Pop5 plays the same role in human RNase P ( Figures 5C and 5F) (Reiter et al., 2010) . We also did not observe any clear density for the tRNA 3 0 tailor, which appears to be flexible in the complex and not to play an important role in tRNA recognition by human RNase P, consistent with the fact that the 3 0 end CCA in eukaryotic tRNA is added post-transcriptionally after 5 0 end processing (Maraia and Lamichhane, 2011) . This is in sharp contrast to the 3 0 end CCA in bacterial tRNA, which is an important recognition Figure S7 and Tables S1 and S3. element for bacterial RNase P by forming specific base pairs with loop L 15 in RNase P RNA ( Figure 5G ) (Reiter et al., 2010) .
Implications for Catalysis
Divalent metal ions not only are required for the folding of RNase P, but also play a direct role in catalysis (Kirsebom and Trobro, 2009; Klemm et al., 2016) . Previous biochemical studies showed that the highly conserved P4 stem in the pseudo-knot of RNase P RNAs is crucial for coordinating catalytically important metal ions (Christian et al., 2000 (Christian et al., , 2006 . Most notably, a universally conserved nucleotide U51 in the P4 stem of Bacillus subtilis RNase P plays a key role in metal ion binding and catalysis (Liu et al., 2017) . Close examination of the apo human RNase P structure revealed that the nucleobase of U80 (equivalent to U51 in B. subtilis RNase P) bulges out of the P4 stem and points away from the catalytic center ( Figure 6A ), suggesting that, although the protein clamp stabilizes the H1 RNA in a conformation optimal for tRNA binding, the catalytic center of the ribozyme does not support metal ion binding for catalysis. Consistent with this observation, the equivalent nucleotide U52 in the apo structure of Bacillus stearothermophilua RNase P also swings out of stem P4 ( Figure 6B) (Kazantsev et al., 2005) . Therefore, it is likely that this conserved uridine adopts a catalytically incompetent conformation in the apo state of all RNase Ps.
In contrast, the EM density at the active site of RNase P in the complex showed that the nucleobase of U80 points into the catalytic center in the same manner as the equivalent U52 in the Thermotoga maritima RNase P-tRNA complex structure and therefore potentially could function as an inner sphere ligand to coordinate a catalytic Mg 2+ ion ( Figures 6C and 6D ) (Reiter et al., 2010) . Notably, superposition of the apo and tRNA-bound structures revealed that nucleotide U80 would have a collision with the tRNA if it adopts the bulged-out conformation in the complex ( Figure 6E ). Therefore, although the overall conformation of the RNase P holoenzyme is largely unchanged, binding of the tRNA substrate induces a conformational change of the conserved uridine in the P4 stem in the catalytic center of RNase P ( Figure 6E) , and accordingly the ribozyme is transformed from an inactive into an active state. This substrate-induced activation of RNase P has been proposed in previous kinetic studies Hsieh et al., , 2010 . We speculate that the initial engagement of tRNA with RNase P through the double-anchor mechanism can still occur even if the conserved uridine in stem P4 is not in its active conformation.
Comparative analysis revealed that the active site configuration in the human RNase P-tRNA complex is identical to that observed in the structure of T. maritima RNase P-tRNA complex, strongly suggesting that the chemical mechanism of pre-tRNA processing is evolutionarily conserved from bacteria to humans ( Figures 6D and 6F) (Reiter et al., 2010) . In the crystal structure of T. maritima RNase P-tRNA complex, two putative catalytic magnesium ions (M1 and M2) were identified based on the anomalous scattering signals of soaked heavy atoms (Reiter et al., 2010) . Although the resolution of the human RNase P-tRNA complex is not sufficient for identification of catalytic metal ions in the active site, close inspection of the catalytic center of the human RNase P-tRNA complex revealed that the topography of H1 nucleotides G78, G79, and U80 is such that they could potentially coordinate a Mg 2+ ion at the same location as the M1 ion in the T. maritima RNase P-tRNA complex structure ( Figures 6D and 6F) (Reiter et al., 2010) . Consistent with this observation, equivalent nucleotides A49, G50, and U51 in B. subtilis RNase P RNA have been shown to play important roles in binding of Mg 2+ ions in the active site (Crary et al., 2002; Liu et al., 2017) . The second metal ion (M2) in the T. maritima RNase P-tRNA complex structure was located in the active site where the 5 0 leader was soaked in the crystals in the presence of Sm 3+ ( Figure 6D) (Reiter et al., 2010) . Due to the lack of cryo-EM density of the tRNA 5 0 leader, we were unable to identify the location of the M2 site. The high-resolution structure of human RNase P complexed with a pre-tRNA substrate is needed to locate the two catalytic metal ions in the active site and to fully understand the chemical mechanism of 5 0 -leader processing of pre-tRNA catalyzed by human RNase P.
Evolution Implications
The increased complexity of the protein composition in archaeal and eukaryotic nuclear RNase Ps poses a key question in the field-what are the specific reasons why archaeal and eukaryotic nuclear enzymes become such complex RNPs. To answer this question, structural information of RNase Ps from all three kingdoms of life is required. Structures of both bacterial and human (reported here) RNase Ps are now available ( Figure 7A ) (Kazantsev et al., 2005; Reiter et al., 2010; Torres-Larios et al., 2005) . As an evolutionary intermediate, the C and S domains of archaeal RNase P RNAs, respectively, resemble their counterparts in bacterial and eukaryotic RNAs ( Figure 7B) , and, furthermore, all the proteins in archaeal RNase Ps have homologous components in eukaryotic RNase Ps (Esakova and Krasilnikov, 2010) . This allowed us to generate a model structure for archaeal RNase P ( Figure 7A ). Combining this information, we proposed a co-evolution model for RNase P (Figure 7B ). In this model, loss or acquirement of an RNA element is coupled with the appearance of certain protein component(s) that compensates for or cooperates with the function of the RNA element.
From bacteria to archaea, the ribozyme maintained the majority of the RNA component, especially the C domain, but lost a key element in the S domain (stems P13-P14 in type A and stem P10.2 in type B), which stabilizes the distance between the two tRNA-binding anchors in bacterial RNase Ps (Figures 7A and  7B ). This stabilization function was fulfilled by a co-evolved protein heterodimer Rpp29-Rpp21 that serves as a bridge between the C and S domains ( Figures 7A and 7B ). In addition, the P12 stem evolved into a double-L-shaped structure with a K-turn that is recognized by a newly acquired protein Rpp38 ( Figures  7A and 7B) . Furthermore, the sole bacterial protein subunit Rpp in bacterial RNase P was replaced by a (Pop5-Rpp30) 2 heterotetramer that specifically associates with the catalytic pseudo-knot of the RNA (Figures 7A and 7B ). Similar to bacterial Rpp, archaeal Pop5 plays a key role in recognizing the 5 0 leader of tRNA substrates (Figures 7A and 7B ). In addition, the (Pop5-Rpp30) 2 heterotetramer associates with the Rpp29-Rpp21 heterodimer and Rpp38 together to form the large interconnected palm and wrist modules of the protein clamp, which stabilizes the two anchor sites with an optimal distance for substrate binding (Figures 7A and 7B) . Therefore, the archaeal RNase P still maintains two RNA-based anchors for substrate binding, but the stabilization mechanism of the anchors had evolved into one that requires a complicated protein complex.
From archaea to eukarya, two major changes had occurred in the C domain of the RNA. First, the RNA-based anchor for the cleavage site of tRNA, linker L 5-15 and stem P5 in archaeal RNP, was lost and compensated by a highly basic motif (NTM) of a new protein Pop1 (Figures 7A and 7B) . Second, the P3 stem of the RNA was interrupted by two single-stranded regions that are recognized by a co-evolved protein heterodimer Rpp20-Rpp25 ( Figures 7A and 7B ). In addition, archaeal Pop5 underwent gene duplication followed by fixation to yield two paralogs; one evolved into eukaryotic Pop5 and the other into Pop8 that mediates interactions with a newly acquired protein Rpp40 (Figures 7A and 7B) . Thus, from archaea to eukarya, the palm and wrist modules the protein clamp were finalized and the finger module showed up, leading to the replacement of the RNAbased anchor in the catalytic center by a proteinaceous one (Figures 7A and 7B ). In summary, RNase P gradually evolved from an RNA-dominated ribozyme into a protein-controlled RNP complex, while maintaining a conserved catalytic RNA core.
It should be noted that, in addition to processing of the 5 0 leader of pre-tRNAs, the protein subunits of eukaryotic RNase P have been reported to play important roles in genome preservation, including transcription, replication, DNA repair, and chromatin remodeling (Abu-Zhayia et al., 2017; Jarrous, 2017; Lemieux et al., 2016; Molla-Herman et al., 2015; Newhart et al., 2016; Reiner et al., 2006; Serruya et al., 2015; Shastrula et al., 2018) . Future studies are needed to fully understand these noncanonical but important roles of the protein subunits of eukaryotic RNase P.
Conclusions
The near-atomic resolution structures of human RNase P alone and in complex with a tRNA reported here unveiled the longstanding mystery of how the protein subunits of eukaryotic RNase P are organized together with the catalytic RNA. Comparative analysis of these structures revealed a substrate-induced conformational change in the catalytic center of RNase P, which transforms the ribozyme from an inactive to an active state. Furthermore, our structures also depicted an evolutionary model in which auxiliary bacterial RNA elements that are essential for RNA stability, substrate binding, and processing were lost during evolution, and this reduced complexity in RNase P RNA is well compensated by the much more complex and multifunctional protein subunits in eukaryotic RNase P that stabilize the RNA in a configuration optimal for substrate binding and processing.
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anti-DYKDDDDK G1 affinity resin (GenScript, L00432). The gel was then washed extensively and the complex was eluted by RNase P buffer supplemented with 200 ng/mL flag peptides (Bimake, B23112). The final eluted human RNase P complex was concentrated by ultracentrifugation to 300 mg/mL and subjected to EM analysis.
Pre-tRNA processing Assays Human pre-tRNA Val (with 5 0 leader and 3 0 tailor) was in vitro transcribed by T7 polymerase using a synthetic DNA template. The transcribed pre-tRNA products were purified by fast protein liquid chromatography (GE healthcare) 2 mg of pre-tRNA was incubated with 300 ng highly purified RNase P complex at 37 C for 30 min in a 20 mL reaction buffer containing 25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl 2 , 1 mM DTT with or without 20 mM EDTA. Reactions were stopped by adding the loading buffer and incubated at 95 C for 5 min. Samples were analyzed on a 12% urea denaturing polyacrylamide gel with TBE buffer and stained with Ethidium Bromide.
Electron microscopy and image processing
Highly purified human RNase P was first studied by negative-stained EM. 3-5 mL samples were loaded onto a glow-discharged copper grid coated with a thin carbon film and after one minute incubation the grid was blotted and stained by uranylformate (0.75%, w/v). Micrographs of negative-stained particles were recorded in an FEI Tecnai G2 Spirit mounted with a 4K 3 4K Eagle CCD camera operated at 120 KV. About 10,000 particles were picked by EMAN2 (Tang et al., 2007) and subjected to 2D and 3D reconstruction by RELION (Scheres, 2012) using the previously published low resolution model of yeast RNase P (EMDB:1929) as a reference. A 20 Å final reconstructed model with reasonable features was used as initial model for cryo-EM reconstruction.
For cryo-EM analysis, 2 mL samples were applied onto glow-discharged lacey-carbon grids with an ultra-thin carbon film (TED PELLA Inc, Prod. No. 01824) and after 10 s incubation the grids were blot for 2.5 s and rapidly plunged into liquid ethane with a Vitrobot Mark IV (FEI) operated at 8 C and 100% humidity. Cryo-EM images were acquired on an FEI Titan Krios electron microscope operating at 300 KV with a nominal 18,000 3 magnification. Images were recorded using a K2 Summit direct detector (Gatan) in the super-resolution mode with a pixel size of 0.659 Å . The defocus range was set from 1.5 to 2.5 mm. 32 frames were recorded for each stack with an exposing time of 0.25 s per frame and a total dose rate of 50 e -/Å 2 . SerialEM (Mastronarde, 2005) was used for fully automated data collection. A total of 5,726 cryo-EM micrographs were collected and all frames in each stack were aligned and summed using MotionCor2 (Zheng et al., 2017) ,with 2 fold binned to a pixel size of 1.318 Å . The defocus value of each image was determined by Gctf (Zhang, 2016) .
In total, 1,315,434 particles were auto-picked based on the reference with procedure Gautomatch (https://www.mrc-lmb.cam.ac. uk/kzhang/Gautomatch/). The templates for particle auto-picking were obtained from 2D class averages calculated from 1,000 manually picked particles. All the particles were first subjected to reference-free 2D classification, yielding 1,302,846 particles for subsequent processing. One round of 3D classification was further performed with the negative-stained model low pass filtered to 60 Å as a reference. Finally, 400,198 good particles representing 30.3% of the particles after 2D classification were selected for the final map reconstruction. After the 3D auto-refinement with a soft mask, local CTF determination by Gctf (Zhang, 2016) and post-processing process, these particles yield a final reconstruction at 3.9 Å based on the gold standard FSC = 0.143 criterion. All the cryo-EM reconstruction processes are carried out by RELION-2 (Kimanius et al., 2016) . Programme ResMap (Kucukelbir et al., 2014) was used to measure the resolution of each part of the density map.
For structural study of the human RNase P in complex with tRNA substrate, then the mixture was immediately subjected to cryo-EM sample preparation. The transcribed human pre-tRNA Val substrate was mixed with the highly purified human RNase P holoenzyme on ice with a molar ratio of 1:10 and the mixture was then subjected to cryo-EM grid preparation within 5 minutes. A lacey carbon film with a continuous ultrathin carbon film (01824, Ted pella) was first glow discharged with O 2 and H 2 mixture for 15 s by using Gatan Solarus plasma cleaner. Grid was plunged into ethane using FEI vitrobot Mark IV and blotted for 3 s. Data acquisition and image processing procedures are the same as described above.
Crystal Structure determination of human Rpp40
Human Rpp40 was cloned into a modified pET28a plasmid with a His-sumo tag and overexpressed in E. coli BL21(DE3) codon plus strain. Rpp40 was isolated by Ni-NTA affinity purification followed by Ulp1 cleavage, ion exchange and gel filtration chromatography. Proteins were concentrated to 12 mg/mL in the final buffer containing 25 mM Tris-HCl pH 8.0, 150 mM NaCl, and 3 mM DTT. Crystals were grown at 4 C with the sitting-drop vapor-diffusion method by mixing 0.5 mL of protein and 0.5 mL reservoir containing 5% v/v Tacsimate pH 7.0, 100 mM HEPES pH 7.0, 10% w/v polyethylene glycol monomethyl ether 5000. Diffraction data was collected at the Shanghai Synchrotron Radiation Facility beamline BL19U1 and processed by HKL3000 (Minor et al., 2006) . The crystals form in space group C222 1 and contain one Rpp40 molecules per asymmetric unit. The phases were calculated with HKL3000 (Minor et al., 2006) using the single-wave-length anomalous dispersion method based on a selenium derivative dataset. The model was built in Coot (Emsley and Cowtan, 2004) and refined in Phenix (Adams et al., 2010) .
Structural modeling, refinement and validation
Model building was carried out in Coot (Emsley and Cowtan, 2004) . The characteristic three coaxially stacked RNA stems in the H1 RNA were first modeled with standard double-stranded RNAs. Then, the conserved CR-I/IV/V and CR-II/III regions are modeled by fitting the conserved structural regions of bacterial RNase P into the EM density. Finally, other helical and single-stranded regions of the H1 RNA were manually built. After assignment of all the RNA elements, crystal structures of human Rpp20-Rpp25 heterodimer (PDB: 6CWX) and Rpp40 (determined in this study) were first modeled by rigid docking. The Rpp29-Rpp21 heterodimer, Pop5-Rpp14-(Rpp30) 2 heterotetramer and Rpp38 with homologous archaeal structures (PDB: 2ZAE, 2CZV and 5XTM) were docked into the density map. Pop1 that lacks a previous structural model was de novo built based on the predicted secondary structure information. The structures were further built and adjusted in Coot and the sequence assignment was guided by bulky residues such as Phe, Tyr, Trp and Arg. There is a piece of unassigned EM density near the T-loops of the H1 RNA, which does not belong to H1 or any protein components of the human RNase P. The final model was refined by phenix.real_space_refine (Adams et al., 2010) with secondary structure and geometry restrains. The model of human RNase P was validated by MolProbity (Table S1 ) (Davis et al., 2007) . All the structural figures are prepared by using Chimera (Pettersen et al., 2004) or PyMol (DeLano, 2002) . For model of human RNase P complexed with the tRNA substrate, the atomic structure of human RNase P and tRNA was rigid docked into the EM densities.
QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical analyses pertain to the analysis of cryo-EM data are integral parts of algorithms and software used.
DATA AND SOFTWARE AVAILABILITY
The cryo-EM 3D maps of human RNase P alone and in complex with tRNA Val were deposited in EMDB database with accession code EMD-9626 and EMD-9627, respectively. The atomic model of human RNase P alone and in complex with tRNA Val , and the crystal structure of Rpp40 was deposited in PDB with accession code 6AHR, 6AHU and 6AHV, respectively. (G) FSC curves of the final refined model versus the overall 3.7 Å map it was refined against (black); of the model refined in the first of the two independent maps used for the gold-standard FSC versus that same map (red); and of the model refined in the first of the two independent maps versus the second independent map (green). 
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